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ABSTRACT
The SDSS-III APOGEE DR12 is a unique resource to search for stars beyond the
tidal radii of star clusters. We have examined the APOGEE DR12 database for new
candidates of the young star cluster Palomar 1, a system with previously reported
tidal tails (Niederste-Ostholt et al. 2010). The APOGEE ASPCAP database includes
spectra and stellar parameters for two known members of Pal 1 (Stars I and II),
however these do not agree with the stellar parameters determined from optical spectra
by Sakari et al. (2011). We find that the APOGEE analysis of these two stars is strongly
affected by the known persistence problem (Majewski et al. 2015; Nidever et al. 2015).
By re-examining the individual visits, and removing the blue (and sometimes green)
APOGEE detector spectra affected by persistence, then we find excellent agreement
in a re-analysis of the combined spectra. These methods are applied to another five
stars in the APOGEE field with similar radial velocities and metallicities as those of
Pal 1. Only one of these new candidates, Star F, may be a member located in the tidal
tail based on its heliocentric radial velocity, metallicity, and chemistry. The other four
candidates are not well aligned with the tidal tails, and comparison to the Besanc¸on
model (Robin et al. 2003) suggests that they are more likely to be non-members, i.e.
part of the Galactic halo. This APOGEE field could be re-examined for other new
candidates if the persistence problem can be removed from the APOGEE spectral
database.
Key words: stars: chemical abundances – techniques: spectroscopy – globular clus-
ters: individual (Palomar 1) – globular clusters: tidal tail
1 INTRODUCTION
Palomar 1 (Pal1) is an unusual globular cluster. It is young
(4-6 Gyr; Sarajedini et al. 2007) and it has a high metallicity
([Fe/H] = −0.6 ± 0.1; Sakari et al. 2011; Monaco et al. 2011);
however, it is located 3.6 kpc above the Galactic plane, and
17.2 kpc from the Galactic Centre (Harris 1996, 2010 edi-
tion). Niederste-Ostholt et al. (2010) examined SDSS and
HST photometric fields around Pal1, and detected a dis-
? E-mail: farbodj@uvic.ca
† Alfred P. Sloan Fellow
persed tidal tail extending up to 1o (∼ 0.4 kpc, or ∼ 80
half-light radii) from either side of the cluster centre, with
roughly as many stars in the tails as in the central cluster
region.
Examination of the chemical abundances of the stars
in Pal1 can be used to study the origin of this system. If
Pal1 is a globular cluster that has been shredded, then its
stars should show a Na-O anti-correlation (Carretta et al.
2010). However, if Pal1 is a captured stellar group from a
dwarf galaxy, then it can be expected to show lower ratios of
the α-elements (amongst other chemical signatures, e.g., see
Venn et al. 2004; Tolstoy et al. 2009; Frebel & Norris 2015).
© 2017 The Authors
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Sakari et al. (2011) determined the elemental abundances
of five stars in Pal1 from high-resolution HDS Subaru spec-
troscopy. There was no evidence for a Na-O anti-correlation
in the sample, and the [α/Fe] ratios were slightly lower than
Galactic field stars at the same metallicity but only with 1σ
significance. These signatures do not favour either scenario
for the origin of Pal1; however, Sakari et al. (2011) also found
high values of [Ba/Y] and [Eu/α] that indicate unique con-
tributions of r-process elements in this system, which seem
to differ from most Galactic stars.
The physical properties of Pal1 more closely resemble
those of young clusters associated with the Sgr stream (i.e.
Pal12 and Ter7; Sakari et al. 2011), or the intermediate-age
clusters in the LMC (Sakari et al. 2017; Mucciarelli et al.
2008; Hill et al. 2000). Like Pal1, those clusters also have
young ages determined from isochrone fitting (Dotter et al.
2008; Siegel et al. 2007; Salaris & Weiss 2002) and show lower
[α/Fe] ratios for their metallicities (Sbordone et al. 2007; Co-
hen 2004; Bonifacio et al. 2004). Furthermore, neither Pal1,
nor the other young halo clusters, show the sodium-oxygen
anti-correlation that Carretta et al. (2010) have shown is
typical of globular clusters in the Milky Way. Another in-
teresting sparse and young cluster in the halo is Rup106.
Like Pal1, Rup106 also has low [α/Fe] for its metallicity and
no Na-O anti-correlation (Villanova et al. 2013). Rup106 is
not associated with any stellar streams, unlike the Sgr clus-
ters. However, Rup106 also shows low [La/Fe] and [Na/Fe],
so does not appear to be directly linked to Pal1. Pal1 may
also be linked to the Canis Major over-density based on its
chemistry, e.g., high [Ba/Fe] and [La/Fe] (Sakari et al. 2011;
Martin et al. 2004; Chou et al. 2010).
If Pal1 is a tidally disrupted globular cluster, this makes
it an excellent probe of the shape of the Milky Way halo.
Palomar 5 (Pal5), another low-mass, low-velocity dispersion
globular cluster with more spectacular tidal tails, has been
used to model the Galactic potential by Bovy et al. (2016b),
Ishigaki et al. (2016) (2016), Grillmair (2006), and Belokurov
et al. (2007). Pal5 also shows gaps in the tidal tails that
have been examined for constraints on mini-halo substruc-
ture (Bovy et al. 2016a; Carlberg et al. 2012). The tidal tails
around Pal1 are much shorter. Characterizing this system
further by identifying member stars in the tidal tails, or in a
more extended envelope, could be used to better study the
shape of the Milky Way halo and the origin and evolution
of this cluster.
In this paper, we examine the SDSS-APOGEE DR 12
database, which targeted Pal1 as part of its globular clus-
ter ancillary data project. Our search for new members of
Pal1 required a critical and substantial re-examination of
the individual visit spectra and data analysis techniques.
In this paper, we present our target selection methods, and
cleaning of the combined spectra to remove the persistence
problem, and re-analysis of the stellar parameters using the
FERRE pipeline. We compare the results with those from
Sakari et al. (2011) and Niederste-Ostholt et al. (2010), as
well as with the Besanc¸on model (Robin et al. 2003).
2 APOGEE DATA
The Apache Point Observatory Galactic Evolution Exper-
iment (APOGEE) is a high-resolution, high signal-to-noise
Figure 1. Position of each star from the APOGEE DR12
database in the Pal1 field in Galactic coordinates. Those with
heliocentric radial velocities and metallicities similar to those for
Pal1 are noted in red circles.
infrared (IR) spectroscopic survey of over 100,000 red giant
stars across the full range of the Galactic bulge, bar, disk,
and halo (Majewski et al. 2015). The survey was carried
out at the 2.5-m Sloan Foundation Telescope in New Mex-
ico, covering the wavelength range from 1.5 to 1.7 microns
in the H band, with spectral resolution R = 22,500 (Gunn
et al. 2006). The APOGEE Stellar Parameters and Chemical
Abundances Pipeline (ASPCAP) DR12 (Pe´rez et al. 2016)
is a data analysis pipeline that produces stellar parameters
and abundances for 15 different elements (C, N, O, Na, Mg,
Al, Si, S, K, Ca, Ti, V, Mn, Fe and Ni).
APOGEE uses the same field size and target positioner
as the Sloan Extension for Galactic Understanding and Ex-
ploration (SEGUE) of the Sloan Digial Sky Survey (SDSS).
It uses a series of 7 squared degree tiles to sample the sky
with 2”fibres that observe 300 targets simultaneously. One of
these tiles was centred on Pal1 (RA =53.33o & Dec =79.58o,
Harris 1996, 2010 edition) with fibers allocated to a variety
of targets based on the colours of cool stars (see target se-
lection for the APOGEE program by Zasowski et al. 2013).
Foreground dwarfs are removed from our analysis, as well as
objects that are unlikely to be associated with Pal1 based
on their metallicity and radial velocity. These include ob-
jects with radial velocities outside of −75 ± 15 kms−1 and
metallicities outside of −1.0 <[Fe/H] < −0.2 (i.e., 4σ and
2σ of the values for confirmed Pal1 members respectively,
e.g., Rosenberg 1998, to account for errors in the APOGEE
metallicities and potential kinematic effects along the tidal
tails). These targets are shown in Fig. 1, where 9% of the
stars in this field may be associated with Pal1. Two of these
are Stars I and II examined from optical spectra by Sakari
et al. (2011). To further select Pal1 members, we examine
a colour-magnitude diagram (CMD) of stars in the central
portion of Pal1 from HST ACS photometry (Sarajedini et al.
2007); see Fig. 2. Isochrones are generated from the Dart-
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Figure 2. The left panel shows a color-magnitude diagram for Pal 1 (from Sarajedini et al. 2007) with three isochrones for ages 4, 5 and
6 Gyr, from the Dartmouth Stellar Evolution Database (Dotter et al. 2008) and the right panel shows the color-magnitude diagram of
47 Tuc (from Sarajedini et al. 2007) and an isochrone for age 12.2 Gyr as a reference for the position of the red giant branch in a typical
globular cluster. Note that the distance modulus and reddening of 47 Tuc is applied to the isochrones of Pal1 in the right panel in order
to compare age of the clusters. All of the APOGEE stars with velocities and metallicities similar to Pal1 are shown by the red solid circles
in the left panel. The new Pal1 candidate stars, and Stars I and II, are selected as those closest to the isochrones. Star F is denoted by
an empty red circle because it is flagged by SDSS with unreliable photometric magnitudes (”too few detection to be deblended”).
mouth Stellar Evolution Database (Dotter et al. 2008) are
included with ages of 4, 5 and 6 Gyrs, with the distance,
reddening, and metallicity from Sarajedini et al. (2007), and
adopting [α/Fe]=0. However, the APOGEE target selection
provides Gunn ugriz and JHK magnitudes of the targets
(Doi et al. 2010), requiring conversion to Johnson VI. We
have adopted the calibration from Table 4 of Jordi et al.
(2006) for Population I stars. 1
The right panel in Fig. 2 shows the CMD of 47 Tuc and
an isochrone generated from the Dartmouth Stellar Evolu-
tion Database (Dotter et al. 2008) with an age of 12.2 Gyr.
The distance and metallicity are from Sarajedini et al. 2007,
with [α/Fe]=0.4 and E(B-V)=0 2. Comparing the CMD of
Pal1 to that of 47 Tuc in Fig. 2 clearly shows that Pal1 is
younger and more sparsely populated than a typical globular
cluster.
The V and I magnitudes from this transformation for
Stars I and II are in good agreement with those from the
Sarajedini et al. (2007); see Table 1. An additional five
stars (Stars D, E, F, G and H) with radial velocities and
metallicities consistent with Pal1 were selected from near
the isochrones. We examine the stellar properties of these
additional five stars below.
1 The uncertainties are determined in quadrature given the un-
certainties for each color index listed in the APOGEE DR12
database and formulae by Jordi et al. (2006).
2 The reddening for 47 Tuc of E(B-V)=0.055 from Sarajedini
et al. (2007) does not fit the turn-off well. When no reddening is
applied, the fit is better (a lower reddening was similarly found
by Schlafly & Finkbeiner 2011, E(B-V)=0.03).
3 STARS I AND II
The stellar parameters for Stars I and II are shown in Table
1, from the optical analysis by Sakari et al. (2011), and the
IR analysis of the APOGEE spectra through the ASPCAP
pipeline. These two sets of results are in very poor agree-
ment, with differences of ∆Teff ∼ 1000 K and ∆log g ∼1.0,
resulting in differences in ∆[Fe/H] ∼ −0.4.
In order to understand these differences, the individual
visit spectra for these two stars are examined. There are 24
visits for Star I and 21 visits for Star II, with SNR > 6. We
find a clear persistence problem in many of the spectra, in
additional to some other effects such as poor flat fielding or
telluric division problems, poor night sky line removal, and
several cosmic ray hits.
3.1 Removing Persistence
Individual visits for Stars I and II were extracted from the
APOGEE database. The alignment of each spectrum was
compared to Arcturus, in order to check the radial veloc-
ity corrections. Each visit was then broken into the three
wavelength regions corresponding to the blue, green, and
red detectors. Some of APOGEE’s detectors suffered from
persistence, which is the contamination of a spectrum by
remnants of the previous exposure. The persistence prob-
lem is worse on the blue chip (1.514-1.581 µ), see Fig. 3. We
remove the portion of the spectrum coming from the blue
chip detector for any visit that shows persistence. Occasion-
ally it was also necessary to remove the green chip spectrum
- we suspect that the green chip itself does not have the per-
sistence problem, but that the data reduction processing of
the visit induces a flat fielding problem when persistence is
bad on the blue chip. After this process, the remaining spec-
MNRAS 000, 1–13 (2017)
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Table 1. DR12 ASPCAP results for members and candidates of Pal1
APOGEE ID RA Dec RV Teff logg [Fe/H] [α/Fe] V I (S/N)
(deg) (deg) (kms−1) (K) (dex) (dex) (dex) (mag) (mag)
Star D 2M03100079+7853325 47.503 78.892 −84.2 4957.7 2.69 −0.3 0.1 15.086 13.861 85.3
Star E 2M04023010+7935181 60.625 79.588 −78.4 4231.1 1.49 −0.7 0.1 14.522 13.664 151.2
Star F 2M03354183+7841453 53.924 78.696 −84.9 4847.7 2.56 −0.3 0.1 13.386 11.266 377.9
Star G 2M03070369+7933134 46.765 79.554 −62.0 4564.0 3.05 −0.5 0.2 16.955 15.562 68.7
Star H 2M03122767+7927416 48.115 79.462 −87.4 4856.8 2.75 −0.3 0.1 15.163 13.854 156.6
Star I 2M03332183+7935382 53.341 79.594 −75.2 5710.9 3.47 −0.2 0.1 16.705 15.461 83.6
Star II 2M03332960+7934162 53.373 79.571 −75.3 5602.4 3.22 −0.1 0.1 16.840 15.618 67.4
Star I (Sakari et al. 2011) 53.341 79.589 −77.2 4800.0 2.27 −0.61 0.01 16.705 15.459 15
Star II (Sakari et al. 2011) 53.373 79.571 −78.0 4750.0 2.33 −0.61 −0.10 16.675 15.618 15
Figure 3. The top three panels are a sample of the spectra with no persistence problems (top), moderate persistence (middle), and
strong persistence (or other flat fielding problems; bottom). All chips that would be removed in our analysis are shaded. The lower panel
shows the final spectra after continuum normalization (see text) and removing sky lines
tra from each visit are co-added, i.e., only the non-persistent
spectra from the blue, green, and red regions are kept for our
analysis.
The non-persistent regions of each visit were combined
to create the full wavelength range visits, and the cleaned
visits were median-combined using IRAF. The final com-
bined spectra for Stars I and II tend to have fewer green
spectra than red, and fewer blue than either. This results
in a lower SNR for the green than red spectrum, and low-
est SNR for the blue spectrum. These spectra were then
normalized with a Legendre polynomial (order=8), followed
by a k-sigma clipping routine (see Venn et al. 2012), and
sky lines are removed. These steps are illustrated in Fig. 3.
Since these stars are moderately metal-poor, we found this
normalization method to be sufficient for our purposes, but
we caution that this is not the same as that used by the
ASPCAP pipeline. Stars G and H also have significant per-
sistence on their spectra. We have cleaned them similar to
Stars I and II. Stars D, E and F did not have significant
persistence problems. These gave us an opportunity to use
and test ASPCAP on the original spectra in the APOGEE
database.
In Fig. 4, a portion of the cleaned and combined spec-
tra of our Pal1 members to that of Arcturus are com-
pared. APOGEE spectra have R=22,500 whereas the Arc-
turus spectrum from (Hinkle et al. 2003) was convolved with
a Gaussian profile to match the lower resolution and has
R=24,000.
Star G shows broader lines than Arcturus and the other
spectra in our sample, which suggests that it is a dwarf star3.
In Fig. 4, the CN, OH, Mg I, Al I, Si I, and Fe I fea-
tures in our candidate spectra are highlighted and compared
to the Arcturus spectrum. Stars I and II exhibit weaker
spectral lines for these species than Arcturus, which can be
3 The newest APOGEE DR13 grids for dwarfs include rotation
models and therefore log g of Star G is removed in the new data
release, which supports our claim that Star G is a dwarf star.
MNRAS 000, 1–13 (2017)
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Table 2. Details of each visit for members and candidates of Pal1
Visit # Visit ID Heliocentric Velocity Chip A Chip B Chip C S/N
(kms−1)
Star I
1 5283-55816-050 −73.8 P X X 10.3
2 5282-55822-203 −74.8 X X X 8.5
3 5283-55823-050 −71.9 P P X 10.3
4 5282-55823-203 −73.7 X X X 15.3
5 5282-55841-161 −76.0 X X X 13.6
6 5283-55843-050 −73.1 P X X 8.3
7 5283-55873-056 −77.2 P X X 8.2
8 5283-55874-056 −75.2 P X X 15.0
9 5283-55905-053 −76.5 P P X 13.6
10 5283-55906-053 −75.7 P X X 6.5
11 6246-56263-046 — P P F 9.7
12 6247-56264-053 −76.6 P X X 9.8
13 6247-56283-044 −76.7 P P X 7.3
14 6363-56284-183 −75.0 X X X 9.8
15 6364-56285-047 −76.7 P P X 10.9
16 6246-56539-039 −75.3 P P X 6.1
17 6364-56561-038 −72.8 P P X 11.9
18 6363-56583-232 −76.4 X F X 16.8
19 6364-56584-032 — P P F 14.8
20 6363-56587-183 −74.0 X X X 14.7
21 6365-56608-182 −76.0 X X X 13.8
22 6365-56642-200 −75.8 X X X 12.0
23 6366-56644-203 −73.8 X X X 12.5
24 6365-56676-203 −73.2 X X X 13.4
Star II
1 5283-55816-053 −71.9 P X X 9.1
2 5282-55822-204 −75.5 X X X 7.1
3 5283-55823-053 −71.4 P P X 7.7
4 5282-55823-204 −73.4 X X X 12.9
5 5282-55841-162 −75.1 X X X 12.4
6 5283-55843-053 −71.1 P X X 8.4
7 5283-55873-059 −73.0 P X X 7.2
8 5283-55874-059 −73.7 P P X 13.8
9 5283-55905-050 −74.4 P P X 11.0
10 6246-56263-047 — RV RV RV 7.0
11 6247-56264-049 −76.2 P X X 9.1
12 6247-56283-048 — RV RV RV 9.1
13 6363-56284-182 −72.8 X F O 8.9
14 6364-56285-044 −71.6 P P X 7.2
15 6364-56561-041 — RV RV RV 6.8
16 6363-56583-233 −74.9 X F O 13.5
17 6363-56587-182 −72.1 X X X 11.8
18 6365-56608-181 −73.9 X X X 12.0
19 6365-56642-199 0 X X X 10.0
20 6366-56644-059 −75.0 P P X 11.2
21 6365-56676-204 −72.2 X X O 11.6
Star D
1 5282-55815-010 −66.1 P X X 5.4
2 5282-55822-010 −82.6 X X X 21.0
3 5282-55823-010 −83.8 X X X 35.8
4 5282-55841-004 −87.7 X X X 40.6
Star E
1 6365-56608-154 −78.5 P X X 68.2
2 6365-56642-165 −78.5 X X X 61.6
3 6365-56676-16 −78.2 X X X 71.7
Star F
1 6247-56264-148 −84.8 X X X 165.2
2 6247-56283-093 −84.8 X X X 170.5
3 6247-56541-099 −85.0 X X X 88.4
4 6247-56542-099 −85.1 X X X 110.3
MNRAS 000, 1–13 (2017)
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Table 2 – continued
Visit # Visit ID Heliocentric Velocity Chip A Chip B Chip C S/N
(kms−1)
Star G
1 5282-55822-218 −64.0 X X X 7.2
2 5282-55823-218 −63.4 X X X 12.9
3 5282-55841-212 −63.9 X X X 9.5
4 5283-55816-013 −57.2 P X X 7.3
5 5283-55823-019 −58.4 P X X 8.5
6 5283-55843-013 −56.9 P X X 8.2
7 5283-55873-013 −61.2 P X X 6.4
8 5283-55874-013 61.7 P X X 13.1
9 5283-55905-013 −64.9 P X X 11.2
10 5283-55906-013 −63.2 P X X 5.4
11 6246-56263-013 −63.1 P X X 10.4
12 6246-56282-019 −68.0 P X X 5.9
13 6246-56318-013 −72.5 P X X 5.3
14 6246-56539-013 −60.7 P X X 5.8
15 6247-56264-216 −62.4 X X X 11.1
16 6247-56283-216 −45.1 X X X 11.7
17 6247-56541-211 −60.5 X X X 7.5
18 6247-56542-211 −63.1 X X X 8.6
19 6363-56284-013 −68.1 P X X 6.4
20 6363-56583-014 −63.6 P X X 10.6
21 6363-56587-013 −62.6 P X X 9.5
22 6364-56285-018 −65.3 P X X 8.2
23 6364-56561-019 −59.9 P X X 9.6
24 6364-56584-013 −63.2 P X X 9.5
25 6365-56608-013 −64.1 P X X 9.1
26 6365-56642-018 −60.9 P X X 8.9
27 6365-56676-018 −65.8 P X O 8.7
28 6366-56644-013 −62.2 P X X 8.2
Star H
1 5282-55815-214 −87.7 X X X 6.1
2 5282-55822-214 −87.6 X X X 26.5
3 5282-55823-214 −87.4 X X X 45.5
4 5282-55841-232 −87.4 X X X 40.4
5 5283-55816-016 −87.5 P X X 25.3
6 5283-55823-022 −87.0 P X X 33.9
7 5283-55843-016 −86.8 P X X 30.4
8 5283-55873-016 86.8 X X X 26.7
9 5283-55874-016 −87.3 P X X 47.5
10 5283-55905-015 −87.7 P X X 35.4
11 5283-55906-015 −87.5 P X X 17.1
Note. P = persistence, F = flat problems, RV = incorrect RV, O = other problems related
to SNR or large noise spikes or poor night sky line removal..
attributed to their higher surface temperatures. The afore-
mentioned line broadening observed in Star G is present in
these spectral ranges as well.
4 NEW STELLAR ANALYSES
We have carried out a new analysis for all of the stars that
may be members of Pal1 based on the DR12 data. This
includes those stars that have a persistence problem, but
also those that do not so that we treat the data for all
of these objects in a similar way. New stellar parameters
are determined, initially from optical and IR photometry
using both the Casagrande et al. (2010) and Ramı´rez &
Mele´ndez (2005), colour-temperature relationships. Temper-
atures and bolometric corrections are determined from the
unweighted average of four colours: (B-V), (V-I), (V-K), and
(J-K), adopting the metallicity and cluster distance for Pal1
from Sarajedini et al. (2007). Reddening estimates are from
Schlafly & Finkbeiner (2011). Surface gravities are deter-
mined photometrically as in Venn et al. (2012), after adopt-
ing a cluster turn-off mass of MA=1.14M (Sakari et al.
2011) corresponding to its young age, such that:
logg = 4.44 + log(MA) + 4log( Teff
5790
) + 0.4(Mbol − 4.75)
The Teff values determined from the two different color-
temperature calibrations were in excellent agreement for all
of the candidates, with the exception of Star F. For this
one star, the temperatures differed by ∆Teff ∼ 1200 K (see
Table 3). The temperature from Casagrande et al. (2010)
is much higher, and inconsistent with the position of this
MNRAS 000, 1–13 (2017)
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Figure 4. Comparing Pal1 member and candidate spectra (red) to Arcturus (grey). All spectra have been shifted to the Arcturus
wavelength scale. Lines of Fe I, Mg I, Al I, Si I, OH and CN are labelled.
Table 3. Photometric Stellar Parameters
Tbv Tvi Tvk T jk Teff logg
(K) (K) (K) (K) (K)
Star I 4930 4939 4872 4481 4806 2.27
Star II 5032 5015 4887 — 4978 2.33
Star D 4611 4635 4582 4660 4622 1.55
Star E 4516 4554 4415 — 4495 1.22
Star F 4787 — — 5199 4993 1.64
Star F* — 3800 3934 — 3867 0.43
Star G 4620 4632 4775 4670 4674 2.28
Star H 4787 4805 4826 4847 4816 1.47
Note. Teff of Star F* is calculated using Ramı´rez & Mele´n-
dez (2005) calibration and the rest are computed using
Casagrande et al. (2010) calibration.
star on the colour-magnitude diagram in Fig. 2; however,
the position of Star F in Fig. 2 depends on a correct V
magnitude, which has been flagged in the SDSS database.
Without further information on the V magnitude of Star F,
we consider both temperatures in the discussion below. The
difference between the logg values for two different distance
moduli from Harris (1996, 2010 edition) and Sarajedini et al.
(2007) is ∆ logg ∼ 0.4, which causes only small to negligible
differences in our abundance results.
The APOGEE ASPCAP data analysis pipeline uses the
least squares template fitting routine, FERRE (Prieto et al.
2006), which matches observed spectra to (renormalized)
synthetic spectra from model atmospheres that have been
run through the 1D, LTE, spectrum synthesis code ASSET
(Koesterke et al. 2008; Koesterke et al. 2009). FERRE si-
multaneously determines the stellar parameters, metallici-
ties, and element abundance ratios for a given spectrum. We
too have used FERRE4 for metallicities and chemical abun-
dances, once where FERRE determines the stellar parame-
ters and a second time where we adopt our photometrically
determined stellar parameters (see Tables 4-6). To match the
observed spectra to the synthetic spectra, it was necessary
to resample the observations to be on the same wavelength
scale. This caused the observations to have a slightly lower
resolution than the original visits, and the combined spectra
had a slightly larger spectral range. This resulted in obser-
vations of a few additional absorption lines (K, Mn) that
that are not in the APOGEE DR12 database.
For Stars I and II, Table 4 shows that the photometric
stellar parameters yield chemical abundances and metallic-
ities in excellent agreement with the optical analyses. This
implies that persistence is a significant problem in the anal-
ysis of these two stars in the DR12 data release (also see dis-
cussion of the DR13 data in Section 6.4). This further implies
that the analysis of some stars in the APOGEE database can
still be improved using the APOGEE spectra themselves.
4 FERRE at Github: https://github.com/jobovy/apogee.
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Table 4. Different Properties of the candidates using FERRE
DR12 DR13 FERRE* Photom* Sakari et al. (2011)
Star I
Teff (K) 5711 5203 4806 ± 92 4806 ± 218 4800 ± 70
logg 3.5 2.7 2.8 2.3 ± 0.2 2.27 ± 0.15
[FeI/H] −0.2 −0.4 −0.8 ± 0.1 −0.6 ± 0.0 −0.61 ± 0.08
[α/Fe] 0.1 0.2 — 0.1 ± 0.1 0.00 ± 0.00
[C/Fe] −0.2 — 0.5 ± 0.2 < 0.1 —
[Ca/Fe] 0.4 −0.4 0.3 ± 0.2 0.2 ± 0.1 0.16 ± 0.16
[S/Fe] -0.3 — 0.6 ± 0.2 0.2 ± 0.1 —
[O/Fe] 1.0 0.8 0.2 ± 0.4 0.4 ± 0.1 <0.82
[Mg/Fe] −0.1 0.1 −0.3 ± 0.3 −0.1 ± 0.2 −0.11 ± 0.20
[Mn/Fe] 0.0 −0.2 0.9 ± 0.1 −0.1 ± 0.1 —
[Si/Fe] 0.3 0.1 −0.1 ± 0.1 0.1 ± 0.2 0.24 ± 0.24
[Al/Fe] — — 0.1 ± 0.1 0.1 ± 0.2 —
[K/Fe] — — 0.1 ± 0.1 0.1 ± 0.1 —
Star II
Teff (K) 5602 4886 4936 ± 92 4978 ± 79 4750 ± 135
logg 3.2 2.3 2.7 2.3 ± 0.2 2.33 ± 0.15
[FeI/H] −0.1 −0.5 −0.5 ± 0.2 −0.6 ± 0.0 −0.61 ± 0.08
[α/Fe] 0.1 0.2 — 0.1 ± 0.1 −0.10 ± 0.00
[C/Fe] −0.3 — 0.1 ± 0.2 < 0.2 —
[Ca/Fe] 0.3 −0.3 0.4 ± 0.2 0.2 ± 0.3 −0.04 ± 0.22
[S/Fe] −0.6 — 0.0 ± 0.2 0.2 ± 0.1 —
[O/Fe] −0.1 0.7 0.1 ± 0.1 0.2 ± 0.1 <0.32
[Mg/Fe] −0.6 0.0 −0.2 ± 0.2 −0.1 ± 0.1 −0.13 ± 0.30
[Mn/Fe] 0.0 −0.1 0.5 ± 0.1 −0.1 ± 0.1 −0.16 ± 0.36
[Si/Fe] 0.2 0.2 0.1 ± 0.2 0.2 ± 0.1 0.13 ± 0.23
[Al/Fe] 0.0 — −0.3 ± 0.1 −0.1 ± 0.1 —
[K/Fe] −0.8 — 0.0 ± 0.1 0.2 ± 0.1 —
* This use of “FERRE” is on our persistence cleaned spectra, allowing FERRE to
simultaneously determine the stellar parameters and chemical abundances, whereas
”Photom” uses our photometrically determined stellar parameters.
Table 5. Different Properties of the candidates using FERRE
DR12 DR13 FERRE* Photom*
Star D
Teff (K) 4958 4843 4870 ± 92 4622 ± 33
logg 2.7 2.6 2.8 ± 0.1 1.6 ± 0.2
[FeI/H] −0.3 −0.3 −0.4 ± 0.1 −0.6 ± 0.0
[α/Fe] 0.1 0.1 — 0.1 ± 0.1
[C/Fe] 0.3 — 0.3 ± 0.2 0.1 ± 0.1
[Ca/Fe] 0.3 0.3 0.4 ± 0.1 0.2 ± 0.2
[S/Fe] 0.1 — 0.1 ± 0.1 0.1 ± 0.1
[O/Fe] 0.0 0.5 −0.1 ± 0.4 0.3 ± 0.1
[Mg/Fe] 0.2 0.0 0.2 ± 0.1 −0.2 ± 0.1
[Mn/Fe] −0.2 −0.1 0.4 ± 0.1 −0.1 ± 0.1
[Si/Fe] 0.2 0.2 0.1 ± 0.1 0.1 ± 0.1
[Al/Fe] −0.7 — −0.6 ± 0.1 0.4 ± 0.1
[K/Fe] −0.4 — −0.2 ± 0.1 −0.2 ± 0.1
Star E
Teff 4231 4138 4168 ± 92 4495 ± 72
logg 1.5 1.3 1.9 ± 0.1 1.2 ± 0.15
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Table 5 – continued
DR12 DR13 FERRE* Photom*
[FeI/H] −0.7 −0.6 −0.6 ± 0.1 −0.6 ± 0.0
[α/Fe] 0.1 0.1 — 0.2 ± 0.1
[C/Fe] 0.0 — −0.1 ± 0.0 0.1 ± 0.1
[Ca/Fe] 0.0 0.1 0.0 ± 0.1 0.2 ± 0.2
[S/Fe] 0.2 — 0.1 ± 0.1 0.2 ± 0.5
[O/Fe] −0.2 0.1 0.1 ± 0.1 0.5 ± 0.1
[Mg/Fe] −0.3 0.1 0.0 ± 0.1 0.3 ± 0.1
[Mn/Fe] 0.0 −0.1 0.6 ± 0.0 0.0 ± 0.2
[Si/Fe] −0.2 0.1 0.2 ± 0.1 0.0 ± 0.1
[Al/Fe] 0.2 — 0.3 ± 0.1 0.3 ± 0.0
[K/Fe] 0.0 — 0.0 ± 0.1 0.0 ± 0.1
Star G
Teff (K) 4564 4472 4425 ± 92 4674 ± 70
logg 3.1 — 4.6 ± 0.1 2.3 ± 0.2
[FeI/H] −0.5 0.0 −0.2 ± 0.1 −0.6 ± 0.0
[α/Fe] 0.2 0.1 — —
[C/Fe] 0.5 — 0.2 ± 0.1 < 0.2
[Ca/Fe] — 0.0 0.0 ± 0.1 —
[S/Fe] 0.0 — −0.8 ± 0.2 —
[O/Fe] 0.3 0.1 0.1 ± 0.1 0.1 ± 0.1
[Mg/Fe] 0.2 0.1 0.4 ± 0.1 0.8 ± 0.1
[Mn/Fe] −0.7 −0.1 0.2 ± 0.1 −0.1 ± 0.3
[Si/Fe] −0.0 0.2 0.3 ± 0.1 0.2 ± 0.1
[Al/Fe] — — 0.0 ± — < 0.7
[K/Fe] −0.1 — 0.2 ± 0.2 < 0.7
Star H
Teff (K) 4857 4800 4780 ± 92 4816 ± 26
logg 2.8 2.9 3.1 ± 0.1 1.5 ± 0.2
[Fe/H] −0.3 −0.3 −0.3 ± 0.1 −0.4 ± 0.0
[α/Fe] 0.1 0.1 — 0.2 ± 0.1
[C/Fe] 0.2 — −0.1 ± 0.1 0.2 ± 0.1
[Ca/Fe] 0.2 0.1 0.0 ± 0.0 0.1 ± 0.0
[S/Fe] −0.2 — 0.4 ± 0.1 0.2 ± 0.1
[O/Fe] 0.1 0.3 0.1 ± 0.2 0.2 ± 0.1
[Mg/Fe] 0.2 0.2 0.1 ± 0.1 0.5 ± 0.1
[Mn/Fe] −0.2 -0.1 0.3 ± 0.0 0.1 ± 0.2
[Si/Fe] 0.2 0.1 0.1 ± 0.1 0.1 ± 0.1
[Al/Fe] 0.0 — −0.2 ± — 0.3 ± 0.1
[K/Fe] −0.3 — 0.0 ± 0.1 0.0<
* This use of “FERRE” is on our persistence cleaned spectra, allow-
ing FERRE to simultaneously determine the stellar parameters and
chemical abundances, whereas “Photom” uses our photometrically de-
termined stellar parameters.
Table 6. Different Properties of Star F
DR12 DR13 FERRE* Photom1* Photom2*
Star F
Teff (K) 4848 4828 4875 ± 92 4993 ± 291 3867 ±95
logg 2.6 2.5 3.2 ± 0.1 1.6 ± 0.2 0.4 ± 0.2
[Fe/H] −0.3 −0.4 −0.8 ± 0.1 −0.6 ± 0.1 −1.4 ±0.1
[α/Fe] 0.1 0.1 — −0.3 ± 0.3 —
[C/Fe] −0.1 — 0.4 ± 0.3 0.3 ± 0.1 −0.1 ±0.1
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Table 6 – continued
DR12 DR13 FERRE* Photom1* Photom2*
[Ca/Fe] −0.1 0.0 0.0 ± 0.1 −0.3 ± 0.1 —
[S/Fe] 0.2 — −0.1 ± 0.2 −0.4 ± 0.1 −0.2 ± 0.1
[O/Fe] 0.1 0.1 −0.1 ± 0.3 −0.2 ± 0.2 0.0 ± 0.1
[Mg/Fe] 0.0 0.1 0.2 ± 0.1 −0.3 ±0.2 −0.5 ± 0.1
[Mn/Fe] 0.1 0.0 0.8 ± 0.0 0.3 ± 0.2 0.3 ± 0.1
[Si/Fe] 0.2 0.1 0.0 ± 0.0 −0.1 ± 0.2 0.0 ± 0.1
[Al/Fe] 0.2 — 0.6 ± 0.0 0.8 ± 0.1 0.8 ± 0.1
[K/Fe] −0.1 — −0.1 ± 0.1 0.1 ± 0.1 −0.2 ±0.1
* This use of “FERRE” is on our persistence cleaned spectra, allowing
FERRE to simultaneously determine the stellar parameters and chem-
ical abundances. For Star F, we found two very different temperatures
depending on which set of photometric magnitudes were examined; see
Table 3. Here we present the elemental abundances for each tempera-
ture.
5 STELLAR ABUNDANCES
The stellar parameters and chemical abundances for 10 el-
ements have been redetermined in this paper for in a set
of Pal1 members and candidates from persistence-cleaned
APOGEE spectra. The results are shown in Tables 4-6, in-
cluding the elements C, O, Mg, Al, Si, S, K, Ca, Mn, and
Fe (see Table A1 for log abundances of all detected lines).
The abundance uncertainties are calculated in two ways.
When fewer than four lines are available, the error is taken as
the standard deviation in [Fe/H]. When there are more than
four lines, the measurement error is taken as the standard
deviation divided by root of number of lines. For cases where
either of these methods results in an error < 0.1 dex, an error
of 0.1 dex is adopted since the best synthetic fits have been
determined by eye.
A few elements require special notes:
• Titanium: Holtzman et al. (2015) show that the
APOGEE (DR12) abundances do not reproduce the [Ti/Fe]
trends seen for stars in the solar neighbourhood by Bensby
et al. (2014). This difference is not currently understood,
and therefore the ASPCAP titanium lines are to be treated
with caution. Hawkins et al. (2016) suggested that the Ti
line at 15837.8A˚, which is not included in the set adopted
by ASPCAP, can be considered reliable. We did not use this
line in our FERRE estimates.
• [α/Fe]: We estimate a mean [α/Fe] ratio by averaging
the results for Mg, S, Si and Ca (not O due to the very noisy
oxygen lines, and not Ti as discussed above).
Overall, the chemical abundances of Stars I and II are
in a good agreement with the optical analysis by Sakari
et al. (2011). Three candidate stars (Stars D, E, and G)
have stellar parameters typical of red giants and metallici-
ties of [Fe/H]=−0.6, when determined from the photometric
parameters. These values are similar to the members in the
core of Pal1. On the other hand, the chemistry of Star H is
sufficiently different that it is a likely non-member.
Star F warrants special attention due to its position
in the tidal tails of Pal1. Two temperatures have been de-
termined from the color-temperature calibrations for this
star, based on its photometric uncertainties (see Table 3).
When the cooler temperature is examined, then its metal-
licity is significantly different from that of Pal1 such that
it would be a non-member. However, if the hotter temper-
ature is adopted, its stellar parameters are typical of a red
giant, with a metallicity and chemical abundances that are
similar to those of the members of Pal1. Furthermore, with
the hotter temperature, then Star F has a low [α/Fe] that is
consistent with the other members of Pal1. Its high [Al/Fe],
with slighly low [Mg/Fe], is unusual for a star in Pal1, unless
Star F is, or has been contaminated by, an AGB star (e.g.,
Ventura & D’Antona 2008).
6 DISCUSSION
Using the APOGEE database, we have re-examined the
spectra for two known members of Pal1 and five new candi-
date members that are well away from the central region of
this cluster. For each member and candidate star, all visits
were examined and the blue chips of the spectra with persis-
tence removed, then recombined the clean visits (see section
3.1 for more details). A new stellar analysis has been con-
ducted using FERRE. The results for the cleaned spectra
of Stars I and II are in excellent agreement with the optical
analysis by Sakari et al. (2011), whereas the DR12 analy-
ses based on the original spectra are not (see Table 1). The
chemical abundance and stellar parameters of the candidates
are shown in Table 4-6. The estimated [α/Fe] ratios for Stars
I and II are in good agreement with the optical results of
Sakari et al. (2011). The Na I lines are too weak or noisy in
most of the spectra for reliable determinations of [Na/Fe],
therefore we do not investigate the Na-O anticorrelation.
6.1 Tidal Tails of Pal1
The position of the Pal1 candidates with respect to the tidal
tails mapped out by Niederste-Ostholt et al. (2010) based
on SDSS photometry are shown in Fig. 5. Their contour
map is constructed from a probability-weighted star count
map of Pal1 candidates from the CMD in the MSTO/MS
region. The number of candidates per square arcmin can be
determined as 0.856 at the centre of Pal1 and 0.050 above the
background region. The positions of Stars I, II, and D-H are
MNRAS 000, 1–13 (2017)
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Figure 5. Position diagram of our Pal1 members and candidates
relative to the SDSS stellar densities around Pal1. The red out-
line shows the position of the tails from Niederste-Ostholt et al.
(2010). Our stars do not lie in those tails, except Star F.
shown relative to new isophots determined by M. Irwin from
the same SDSS data in Fig. 5. A difference in the adopted
bin sizes and isophot levels can suppress the apparent tidal
features. Only one of these candidates, Star F, is coincident
with the tidal tail found by Niederste-Ostholt et al. (2010).
Given the distance to Pal1 as 14.2 kpc from the Sun
(Sarajedini et al. 2007), and the angular separations of each
star from its core, then the minimum distances of each star
from the core of Pal1 range from 220.8 pc (Star F) and
236.9 pc (Star H), to 294.6 pc (Star G), 319.8 pc (Star D),
and 326.7 pc (Star E). For these stars to have reached these
distances over the lifetime of this cluster (< 6 Gyr) would
have required ejection velocities ≤1 kms−1. These velocities
are not particularly large, therefore it is possible that if stars
escape from Pal1 then they could be lurking at these angular
separations.
6.2 Membership Probability Analysis
We examined the Besanc¸on model (Robin et al. 2003) of the
stellar populations in the Galaxy to evaluate membership
probability of the new Pal1 candidates. The number of stars
in the smooth Galactic halo in the direction of Pal1 are es-
timated based on similar limits in magnitude, colour, radial
velocity, and metallicity (Fig. 6). To extract this simulated
dataset, we run the model with the following selection cri-
teria:
• an H-band range of 7 to 13.8, comparable to the
APOGEE target list.
• a distance interval from 0 to 50 kpc, to include most of
both foreground and background stars.
• a 7 sq. deg. field of view, centred on Pal1 to match the
SDSS field.
• The APOGEE database flags all non-giant stars as
dwarfs. To directly compare the Besanc¸on results with
APOGEE, MS, WDs and T Tauri stars were removed from
our Besanc¸on model and only giant stars were taken into
account.
These selection criteria result in 1124 total stars in
Figure 6. Histogram of the heliocentric radial velocities of
APOGEE data (blue bars) and as determined from the Besanc¸on
model (Robin et al. 2003) in the direction of Pal 1 (black bars,
renormalized). This suggests that our candidate Pal1 objects
could be consistent with sampling of the smooth Galactic halo
distribution.
the Besanc¸on model. 129 (12%) stars have radial veloci-
ties (−75 ± 15 kms−1) and metallicities ([Fe/H] = −0.6 ±
0.4) similar to our parameters for the APOGEE search in
the Pal1 field. These should be treated as field contami-
nants from the smooth halo distribution. In comparison, the
SDSS/APOGEE Pal1 field contains 377 giants, of which 33
(9%) have radial velocities and metallicities similar to Pal1.
Therefore, the Besanc¸on model predicts a larger fraction of
field contaminants (12%) than observed in the APOGEE
Pal1 field (9%). This strongly implies that the APOGEE
field is representative of the smooth halo, with no evidence
for additional stars due to the Pal1 globular cluster.
It should be noted that APOGEE’s Pal1 field is subject
to observational placements, particularly in the fibre limita-
tions. These include (1) crowding in the centre of Pal1 where
the bonafide members are located, (2) that not all red gi-
ants can be observed simultaneously, and (3) that only 30%
of the total number of good targets were observed.
A Monte Carlo approach was also used to randomly
examine the potential for extracting Pal1 members from
APOGEE Pal1 field. This was done by selecting 30% of
stars from Besanc¸on model to account for the APOGEE
selections. For each sampling run, the fraction of field stars
with our search criteria for Pal1 radial velocities and metal-
licities (−75 ± 15 kms−1 and [Fe/H] = −0.6 ± 0.4 dex, respec-
tively) was calculated. 10000 runs were performed and the
histogram of the distribution of corrected field contaminants
is shown in Fig. 7. This histogram shows a well defined Gaus-
sian distribution with a mean fraction of Pal1 contaminants
of 0.12 ± 0.02.
Considering that number of stars in the RV and [Fe/H]
search criteria in the APOGEE Pal1 field yielded 33 out of
377 stars (or 9%), we find that this is consistent with the
predicted estimate from our Monte Carlo sampling of the
Besanc¸on smooth halo.
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Figure 7. The histogram of the Gaussian distribution of Pal1
field contamination after 10000 runs in the Monte Carlo simula-
tion. This plot suggests that ∼ 12 % of stars in Pal1 field have
radial velocities and metallicities comparable to our search crite-
ria around the Pal1 core.
Figure 8. Velocity variation of the Pal1 members and candidates,
with respect to number of visits for each star. When the scatter
is ≥ 1 kms−1 (dotted line), there is a high probability of a binary
system. Error bars are 1/
√
# of visits.
6.3 Binarity?
The velocity variation of the candidates are examined to find
any evidence for a binarity, which could affect the stellar pa-
rameters analysis. The radial velocity variations for the two
Pal1 members and for all of our candidate stars are shown in
Fig. 8. Note that the y-axis represent the RV scatter of the
candidates and is the standard deviation of all visits for each
target. Nidever et al. (2015) has analysed a Plate-to-Plate
RV variation analysis for the APOGEE stars and found that
the RVs in the APOGEE database are very stable as the rms
scatter is σ = 0.044 kms−1. They suggest that stars with RV
scatter of greater than 1 kms−1 have uncertainty much larger
than the typical uncertainties and are possibly in a binary
system.
Only Stars D and G show a scatter in their radial ve-
locities well above the 2σ limit suggested by Nidever et al.
(2015) for detecting binary systems. However, the RV scat-
ter of Star II suggests that it too may be in a binary system.
If so, the binary nature of this star does not seem to have
affected either its optical analysis, nor our analysis of the
corrected IR spectra, since the stellar parameters and chem-
ical abundance ratios are in good agreement with other stars
in Pal1. It should be noted that the binarity of Star D, E,
F and H cannot be conclusively established as the sample
sizes of these stars are small.
6.4 DR13
In the SDSS DR13 release, an attempt to unweight spec-
tra with the persistence problem was established to improve
the combined spectral analyses (Albareti et al. 2016). When
we examine the DR13 database, two more objects could be
added to our analysis; however, the results for Stars I and
II are still significantly different from the optical results (see
Table 4). We did not pursue the DR13 data release further.
The persistence problem is indeed well named.
7 SUMMARY
Two members of the unusual star cluster Pal1 have been
observed in the APOGEE survey. Examination of their AS-
PCAP database results are in very poor agreement with pre-
viously determined optical analysis. We trace this problem
to the known persistence problem that affects up to 30% of
the spectra in the APOGEE database. By removing those
spectra with persistence (and other reduction problems), we
have re-analysed the cleaned spectra. Our new analyses for
the APOGEE spectra of Stars I and II are in excellent agree-
ment with the optical analysis by Sakari et al. (2011). One
star, Star F, may be a member of Pal1, based on its helio-
centric radial velocity, metallicity and chemical abundances,
and location in the tidal tails. However, the temperature of
this star is highly uncertain, and it may be (or be contami-
nated by) an AGB star. All other candidate members found
in the APOGEE DR12 database appear to be part of the
smooth Galactic background.
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Table A1. Atomic line data and FERRE [X/Fe]a ratios
Element Lambda (A˚) Star I Star II Star D Star E Star F Star F* Star G Star H
Fe I 15211.682 −1.0 −0.6 — −0.7 −1.0 <−1.7 −0.6 −0.4
15249.140 −0.6 −0.6 −1.0 −0.7 −0.6 −1.3 −0.4 −0.4
15297.317 −0.4 >−0.4 >−1.0 −0.7 — — — −0.2
15309.789 — — — ∼-0.8 −0.4 — — −0.2
15339.574 −0.8 −0.6 −0.9 −0.6 −1.0 <−1.8 −0.4 −0.2
15392.011 −0.8 −0.6 −0.8 −0.6 −0.6 <−1.8 −0.8 −0.6
15483.107 −0.6 −0.4 — −0.6 — — — −0.2
15494.762 −0.6 −0.6 −0.6 −0.6 −0.6 — — −0.4
15505.316 — — −0.6 −0.6 −0.6 −1.4 −0.6 −0.4
15528.553 — — −0.4 −0.7 — — — —
15546.326 — — >−0.9 −0.5 −0.6 −1.4 −0.4 —
15595.760 −0.8 −0.6 −1.0 −0.7 <−0.8 −1.6 — −0.3
15608.487 −0.8 −0.8 >−1.0 −0.8 −0.6 −1.6 −0.6 −0.4
15615.412 — −0.6 — — — <−1.8 −0.6 −0.6
15666.296 −0.8 −0.8 — −0.7 <−0.7 <−1.8 −0.5 −0.6
15681.805 −0.7 −0.4 −1.0 −0.6 −0.6 — −0.5 −0.4
15735.713 — — — — — — — —
15765.622 — — — −0.4 −0.6 — — −0.2
15778.381 −0.4 −0.6 −1.0 −0.5 −0.6 −1.2 — −0.4
15899.571 −0.6 — −0.4 >−0.4 — — −0.5 −0.4
15905.797 −0.6 — −0.4 −0.4 — — — −0.4
15910.390 −0.6 −0.4 −0.4 −0.5 −0.8 — — −0.4
15924.987 −0.7 −0.5 −0.4 −0.7 −0.6 −1.3 — −0.4
15946.207 — — −0.4 −0.8 −0.6 −1.6 — −0.5
15958.447 <−0.8 −0.6 −0.4 −0.6 — <−1.4 −0.7 −0.2
15969.209 −0.8 −0.8 −0.6 <−0.8 — — −0.8 −0.6
15975.615 — — — — −0.4 — — —
16011.133 −0.6 −0.6 −0.4 −0.8 — −1.4 >−0.4 −0.6
16013.985 −0.6 −0.6 −0.4 −0.8 — — >−0.4 −0.6
16080.311 −0.5 −0.6 — −0.6 −0.6 <−1.8 — −0.6
16130.274 −0.8 −0.6 — −0.6 −0.8 −1.4 — −0.4
16157.660 −0.6 −0.4 −0.4 −0.6 −0.6 −1.4 −0.4 −0.4
16169.448 −0.6 −0.5 −0.8 −0.7 −0.8 −1.6 >−0.4 −0.2
16190.224 −0.6 −0.4 −1.0 −0.8 −0.6 — — −0.6
16212.175 −0.7 −0.4 −0.8 −0.6 −0.8 — −0.8 −0.4
16217.970 −0.4 −0.4 −0.8 −0.7 — −1.2 −0.4 −0.4
16236.084 −0.8 −0.6 — −0.7 −0.8 <−1.8 — −0.6
16240.487 — — — — — <−1.8 −0.4 —
16256.993 — — −0.4 <−0.8 −0.6 — — —
16297.294 −0.6 — — −0.8 −0.6 −1.4 −0.4 −0.6
16320.829 — — −0.8 −0.6 −0.8 −1.5 — −0.6
16328.912 −0.7 −0.4 −0.4 −0.8 −0.8 <−1.4 — −0.6
16402.650 −0.6 −0.6 −0.8 −0.8 — <−1.8 −0.6 −0.6
16409.869 — — — — — — — —
16510.805 −0.6 −0.4 −0.8 −0.6 — −1.4 −0.4 −0.6
16521.738 −0.5 −0.6 −0.4 −0.6 −0.4 >1.4 >−0.4 −0.2
16536.502 −0.6 — −0.6 −0.6 −0.4 −1.4 −0.6 −0.4
16556.519 −0.6 −0.5 −0.4 −0.6 −0.3 — — −0.4
16590.582 — — — — — — — —
16617.302 — — >−1.0 <−0.8 — <−1.8 −0.6 <−0.6
16624.278 — — −1.0 −0.7 — — — −0.6
16650.424 −0.4 −0.4 −0.6 −0.6 −0.3 −1.4 >−0.4 −0.4
16670.037 >−0.4 >−0.4 −0.8 −0.3 −0.3 −1.4 — −0.4
16757.644 — −0.8 −0.4 −0.6 −0.3 — — −0.2
16804.240 — — −0.4 −0.6 — — — −0.4
16848.118 — — −0.8 <−0.8 — <−1.8 — —
O from OH lines 15241.164 — — — 0.0 — — — 0.2
15396.206 — — — — −0.2 — — 0.4
15413.211 0.4 0.2 0.5 >0.5 <−0.2 — — 0.2
15509.737 — — 0.2 >0.5 — <−0.2 0.1 0.3
15564.252 — 0.2 0.1 0.3 −0.4 — 0.2 <−0.2
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Table A1 – continued
Element Lambda (A˚) Star I Star II Star D Star E Star F Star F* Star G Star H
15573.254 — — 0.2 0.7 — — — 0.4
15576.255 — — — 0.7 <0.0 — — —
15631.270 — — — 0.7 — — — —
16056.386 0.5 — — 0.7 — — — −0.2
16065.388 0.5 0.2 0.2 −0.2 −0.3 0.0 0.2 −0.2
16069.389 — — — — — — — 0.4<
16196.424 — — — — — — — —
16256.440 — — — — — — 0.0 —
16264.442 — — — — — — — —
16350.466 0.5 0.2 0.5 0.3 0.2 — — 0.2
16356.467 — — — — — — — —
16358.467 — 0.5 0.4 0.3 <0.2 — — —
16372.472 >0.6 — 0.2 0.7 — <−0.2 — —
16530.515 — — — — — <−0.2 — —
16539.517 >0.6 — >0.2 0.7 — — — 0.2
16543.518 — — — — — 0.0 0.2 —
16708.563 0.5 — 0.2 0.7 — <−0.2 — 0.4
16718.566 >0.5 0.5 0.5 0.7 — <−0.2 — 0.4
C from CO lines 15325.187 — <0.1 0.1 — — — — 0.2
15367.243 — — < 0.2 0.1 0.2 — < 0.2 −0.1
15470.226 — — — — 0.4 — — 0.2
15499.690 — <0.0 — — — — — 0.2
16186.421 < 0.0 <0.2 0.1 0.0 — — — —
16193.923 — — — — 0.2 — — 0.0
MgI 15745.017 0.0 0.0 −0.2 0.1 −0.2 −0.2 0.8 0.5
15753.189 −0.2 −0.1 −0.1 0.3 −0.5 −0.6 0.8 0.5
15770.150 −0.3 −0.2 −0.4 0.3 — −0.6 0.7 0.5
15958.836 — 0.1 0.3 0.2 −0.2 — <0.4 0.3
MnI 15222.009 −0.1 <0.0 −0.2 0.1 0.4 0.3 0.2 0.2
15791.657 — — 0.0 0.0 — <0.0 — —
15969.543 — −0.1 −0.2 −0.2 0.1 0.2 −0.3 −0.1
CaI 16161.778 0.2 0.4 0.3 0.2 −0.2 — — 0.1
16208.514 <0.0 0.0 0.4 0.3 −0.4 — — —
16213.018 — — 0.0 0.0 — — — —
SI 15426.404 0.2 <0.1 0.0 0.6 — — — 0.2
15474.047 — — — 0.0 −0.3 −0.2 — 0.1
15482.710 0.1 0.2 0.2 −0.2 −0.5 — — 0.3
AlI 16723.527 −0.1 −0.1 0.4 0.3 0.8 0.8 <0.7 0.3
16767.939 0.2 <0.2 0.4 0.3 0.7 0.8 — 0.3
KI 15172.521 0.1 0.2 −0.2 0.0 0.1 −0.2 0.7 >0.0
NaI 16378.326 — — — >0.1 — — — —
16393.327 — — — — >−0.4 <−0.4 — —
SiI 15562.031 <−0.2 0.2 — 0.2 — — 0.2 —
16055.585 — — — — — — — —
16064.397 −0.2 0.0 0.0 −0.2 — — — 0.0
16099.184 <−0.2 0.2 0.4 0.0 −0.4 −0.4 <0 0.2
16185.583 −0.2 — 0.0 0.2 — — 0.0 0.1
16191.217 — — — — — — — —
16220.100 0.0 0.2 −0.1 −0.2 −0.4 −0.4 0.0 0.2
16685.327 0.2 0.2 0.2 0.0 0.4 0.4 0.2< 0.2
16832.756 0.0 — 0.2 0.0 0.4 0.4 0.2 0.0
a [X/H] is given instead for Fe I.
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